Toxic equivalency factors (TEFs) of 31 non-substituted polycyclic aromatic hydrocarbons (PAHs) for the human aryl hydrocarbon receptor (AhR) ligand activity were measured using the yeast recombinant reporter gene assay established by Miller et al., in order to estimate the toxic equivalents of individual PAHs in environmental samples. Ten PAHs showed sigmoid-shape concentration-response curves. An effective concentration to achieve 50% activity obtained with 1 µmol/l benzo[a]pyrene (BaP) (EC 50BaP ) was calculated by curve fitting, and TEFs were calculated from the ratio of EC 50BaP for BaP to that for the chemical studied. 
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are components of fossil fuel and are also produced by incomplete combustion of organic matter such as fossil fuel. 1, 2) PAHs are widespread environmental pollutants [3] [4] [5] and some are suspected to be human carcinogens. 6) Some PAHs have been reported to bind to the aryl hydrocarbon receptor (AhR) 7) 1 Present address: Nihon Pharmaceutical University, 10281 Komuro Ina-machi Kita-adachi-gun, 362-0806 Saitama, Japan. and induce cytochrome P4501A1 (CYP1A1). 8) Moreover, the agonist activated AhR/AhR nuclear translocator (ARNT) heterodimer has been reported to associate with the estrogen receptor, and this association leads to activation of the transcription and estrogenic effects. 9) Therefore, some PAHs are suspected to disrupt the human endocrine system. Many studies on the AhR relating activity of PAHs have been reported. 7, 8, 10, 11) However, most of these studies were on 16 PAHs, which have been listed as priority pollutants by the US Environmental Protection Agency. There have been few reports on other minor PAHs, such as naphthacene and benzo [b] fluorene (BbFl).
In this study, in order to estimate the toxic equivalent of individual PAHs in environmental samples, we measured the toxic equivalency factors (TEFs) of 31 non-substituted PAHs for human AhR ligand activity using the yeast recombinant reporter gene assay established by Miller et al. [12] [13] [14] Moreover, we calculated the toxic equivalents (TEQs) of surface soil by multiplication of the TEFs and concentrations in soil samples collected in Kyoto, Japan.
MATERIALS AND METHODS
Chemicals --Naphthalene (NPT), acenaphthene (ACT), anthracene (ANT), naphthacene (NPC), fluoranthene (FLT) and pyrene (PYR) were purchased from Nacalai Tesque (Kyoto, Japan [12] [13] [14] was used in this study. The yeast strain YCM3 was grown overnight at 30 • C in a shaking (120 min −1 ) incubator in a synthetic glucose medium. The sample solution (vehicle, EtOH; 10 µl), overnight culture (50 µl) and synthetic galactose medium (950 µl) were mixed in a test tube and incubated at 30 • C for 18 hr in the shaking incubator. The cell densities were determined by reading the absorbance at 600 nm. Culture (10 µl), Z-buffer containing 60 mmol/l Na 2 HPO 4 , 40 mmol/l NaH 2 PO 4 , 1 mmol/l MgCl 2 , 10 mmol/l KCl, 2 mmol/l dithiothreitol, 0.2% salkosil (70 µl) and 4 mg/ml o-nitrophenol-β-D-galactopyranoside solution (20 µl) were mixed and incubated at room temperature for 1 hr. After incubation, the absorbance was measured at 420 nm. The transcriptional activity (%) was calculated by Eq. (1):
where A SP , corresponds to the absorbance intensity of the sample, and A NC and A PC correspond to the negative control and positive control, respectively. The positive control was 1 µmol/l BaP in EtOH, and the negative control was the liquid vehicle (EtOH). Curve Fitting --To describe the concentrationresponse curves by a simple mathematical equation, the sigmoid curve expression given by Eq. (2) was employed:
where y is the activity (% of BaP), x is the concentration (µmol/l), a is the maximum intensity (% of E2), b is the slope factor and c is the medial effective concentration (EC 50 , µmol/l). EC 50 is the concentration eliciting 50% of the maximal response. The correlation coefficient (r) between the experimental data and the formulated curve were also calculated.
To evaluate the AhR ligand activity, the effective concentrations to achieve 50% of the activity obtained with 1 µmol/l BaP (EC 50BaP ) and BaP TEF were calculated. EC 50BaP (µmol/l) was calculated with Eq. (3):
TEF is the ratio of EC 50BaP for BaP (0.019) to that for the chemical studied. 
Sampling and Pretreatment of Soil

RESULTS AND DISCUSSION
The structures of the 31 PAHs tested in this study are shown in Fig. 1 . The structures included a 2-ring, five 3-rings, eight 4-rings, nine 5-rings, seven 6-rings and a 7-ring PAHs. Twenty-one of the selected PAHs are alternate while the other ten are non-alternate.
Concentration-response curves of the 31 PAHs are shown in Fig. 2 . Nineteen of the PAHs, PIC, DahA, DahP, DaiP, NaP, DaeP, DalP, PYR, BgP,
Fig. 1. Structures of PAHs Tested in This Study
Fig. 2. Concentration-response Curves of Human Aryl Hydrocarbon Receptor Ligand Activity for PAHs
Relative activity (%) was an activity when an activity of 1000 nmol/l BaP was set as 100%. Table 1 . Parameter "a" is the maximum response, ranging from 79 to 140%. Parameter "b" is slope factor, ranging from 0.60 to 0.89. Parameter "c" is the medial effective concentration (EC 50 ), ranging from 0.00087 to 0.021 µmol/l. The correlation coefficient between the experimental data and the formulated curves (r) ranged from 0.9859 to 0.9999. EC 50BaP was calculated with Eq. (3) using the above parameters, and the results listed in Table 1 . The EC 50BaP values ranged from 0.022 µmol/l for DacA to 0.00055 µmol/l for NPC. TEF was calculated from the ratio of EC 50BaP for BaP with respect to that for the PAHs, and the results listed in Table 2 . The highest TEF was found for NPC (TEF = 35) followed by BbFl (19), BkF (11), BaA (7.0), BjF NPT, showed little or no activities in all five assays. BaA and CHR both showed strong activities in the two reporter gene assays, but only weak activities in the two EROD induction assays. BbF, BkF and BaP all showed strong activities in both the reporter gene assays and the EROD induction assays. In contrast to DacA, which showed strong activities in the two reporter gene assays, DahA showed very different results. DahA showed very weak activity in this study, but showed strong activities in the reporter gene assay using the rat liver cell line and the EROD induction assays using rat and rainbow trout liver cells. A similar result was shown in IP and DaiP.
In order to estimate the toxic equivalents of individual PAHs in the soil samples, we collected three soil samples from Kyoto, Japan, and determined 16 US Environmental Protection Agency priority pollutant PAHs in the soil samples. Figure 3 shows the concentration-response curves of the soil samples. All samples showed sigmoid shape concentration-response curves. The maximum activities were 98-130% of the BaP activity, and EC 50BaP values were in the 0.5-1.3 mg/l range. The PAH concentrations determined by HPLC with fluorescence and UV detection are listed in Table 3 . PAHs were detected in the range of 0.02-29 µmol/g of soil extract.
TEQs were calculated by multiplication of the TEFs in this study listed in Table 2 and PAH concentrations in soil samples listed in Table 3 , and TEQs were listed in Table 4 . We used human's TEF because of estimation for human health. The TEQs were observed in the range of 0.03-130 µmol/g for the soil extracts. The TEQs of BaA were the highest of all samples studied, because of the higher TEF and higher concentration. CHR, BbF and BkF also showed high values. Although we did not determine values for the minor PAHs, we expect NPC, BbFl, BjF and BaFl are also likely to have high TEQs, because they have high TEFs in this study. Now, we are developing a new determination method for the minor PAHs using a comprehensive two-dimensional HPLC method, from which we will be able to determine the TEFs in surface soil and their TEQs.
